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NSGA-IIStudy of electroless Nickel–Cobalt–Phosphorous coating was conducted on pure Copper substrate. The
weight percentages of Nickel and Cobalt in the deposited mass, evaluated through energy dispersive
X-ray analysis, have been selected as the response variables for statistical analysis. A response surface
model with central composite design is developed to explain the effect of curvature in the predicted
responses. Student’s t test has identified that concentration of Cobalt Sulfate is the significant process
parameter for both the responses. The response surface plots and p-values have predicted the same.
Fisher’s F test confirms that the response surface equation has excellent fitting to the observed values.
A multi-objective optimization method has been employed in a quest to obtain the optimal values of pro-
cess parameters, to maximize the responses. The Pareto optimal front of solutions, obtained from NSGA-
II, provides more flexibility to the decision maker with the values of the optimal process parameters.
 2016 Karabuk University. Publishing services by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Metal deposition through aqueous solution can be classified
into two types – electrolytic and electroless. Electroless Ni–P depo-
sition is a chemical reduction process which involves auto catalytic
reduction of Nickel salts in an aqueous solution containing a reduc-
ing agent, which is followed by the deposition of Ni–P compound
on an immersed substrate without the requirement of any external
electrical supply. However, to prevent metal phosphate precipita-
tion in the bath, to activate hypophosphite ions, to accelerate the
deposition rate, to control pH for longer times and to increase wet-
tability; additives like complexants, accelerators, buffers and wet-
ting agents are used for respective purposes. Electroless Ni–P
coating offers an array of good physical, mechanical, electrical, cor-
rosion and wear resistance properties when deposited under tai-
lored conditions. Such properties can be further enhanced on
heat treatment of the coating which leads to the evolution of crys-
talline phases and subsequently they find various industrial appli-
cations like medical equipments, valve and valve seats, oil carrying
pipelines etc. However, to satisfy the needs of specific applications,
electroless ternary and quarternary deposits like Ni–Co–P [1,2],Ni–Cu–P [3], Ni–W–P [4], Ni–W–Cu–P [5], as well as some hybrid
coatings like Ni–P–MoS2 [6], Ni–P–WS2 [7] have been investigated.
The addition of a second metal in addition to Nickel is however,
restricted by certain constraints such as, the major constituent
Nickel in presence of the second metallic constituent must be cat-
alytically active for the deposition process and also, the reduction
of the second metal is determined by its catalytic activity for the
reduction process. Cobalt, as an alloying element, imparts mag-
netic properties in the deposits [8]. Though a variety of techniques
such as spray deposition, wet thermal oxidation, atmospheric-
pressure chemical vapor deposition etc. are available to deposit
magnetic films, electroless plating process is considered as the
most suitable method because of its ability to provide a uniform
thickness and the cost effectiveness of the process [9,10]. Synthesis
of Ni–Co–P coating through electroless route and different charac-
terizations has been reported by many authors [1,10–25]. The rate
of deposition depends upon the metallic ratio of Co2+ and Ni2+, con-
centration of reducing agent, pH of the plating bath and plating
time [1,10–13]. The addition of Cobalt improves the electromag-
netic shielding property, saturation magnetization, remanence
and coercivity of the deposits [1,10]. Studies have revealed that
heat treatment of the as-deposited amorphous Ni–Co–P deposits
leads to formation of crystalline phases resulting in subsequent
improvement in hardness and corrosion resistance [14,15].
Electroless Ni–Co–P coating on fly ash cenospheres and SiC powder
Nomenclature
Xi ith independent variable
nf Number of factorial points
na Number of axial points
nc Number of central points
l Number of levels
k Number of factors
Z Total number of observations
n Number of coefficients in the regression equation
N^ Estimated value of weight percentage of Nickel
C^ Estimated value of weight percentage of Cobalt
Cact Actual value of the weight percentage of Cobalt in con-
firmation run
Nact Actual value of the weight percentage of Nickel in con-
firmation run
Zi Actual value of the ith process parameter
ta,t Value of Student’s t-distribution for a level of signifi-
cance and t degrees of freedom
rb Standard deviation of variability in regression coeffi-
cients
Racti Actual or observed value of response for the ith observa-
tion
Resti Estimated value of response for the ith observation
r2e Replication variance (estimate of error)
r2res Residual variance
Fa; t1, t2 Value of Fisher’s F-ratio for a level of significance and t1
degrees of freedom, t2 degrees of freedom
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between electrolytic and electroless Nickel based coating have also
been studied by some authors [9,26]. Those studies indicate that
the electroless Nickel based coatings are advantageous than elec-
trolytic coatings because of uniform deposition irrespective of
the surface geometry and current density and also it is environ-
ment friendly.
The present work focuses on the analysis of chemical composi-
tion of electroless Ni–Co–P coatings deposited under varying per-
centages of Cobalt source concentration, reducing agent and bath
temperature. Energy Dispersive Analysis by X-ray (EDAX) was
employed for the quantification of the weight percentages of the
three elements in the deposits viz. Nickel, Cobalt and Phosphorus.
The analysis of data has been done through Central Composite
Design of Experiment Method [2,27–29]. Then a multi-objective
genetic algorithm has been used to identify the optimum values
of the process parameters for which the maximumweight percent-
ages of both Cobalt and Nickel are obtained. Earlier studies indi-
cated that increase in weight percentage of Cobalt and Nickel
would increase the magnetic and corrosion resistance properties
respectively of electroless Ni–Co–P coatings [2,8].2. Experimental details
Copper strips (99.99% pure) having dimensions
ð20 15 0:1Þmm3 were used as substrate materials for the pre-
sent study. The substrates were initially degreased by immersing
in dilute HCl and were subsequently rinsed in distilled water to
remove the remnant of acid from their surface. This was followed
by immersion in palladium chloride solution for surface activationTable 1
Different experimental factors with their range [2].
Factors Range
Nickel Sulfate Hexahydrate (source of Nickel ions) 20 g l1 (fixed)
Cobalt Sulfate Heptahydrate (source of Cobalt ion) 4–24 g l1
Sodium Hypophosphite (reducing agent) 12–48 g l1
Trisodium Citrate Dihydrate (complexant) 60 g l1 (fixed)
Ammonium Sulfate (buffering agent) 40 g l1 (fixed)
Temperature 70–90 C
pH of solution 4.5 (fixed)
Deposition time 1 h (fixed)
Activation temperature 55 C (fixed)
Bath volume 200 cm3 (fixed)
Bath loading (AV1) 0.03 cm1 (fixed)and rinsing in distilled water before being suspended inside the
coating bath. The electroless coating bath comprised of Nickel
Sulfate Hexahydrate (NiSO46H2O) as the source of Nickel, Cobalt
Sulfate Heptahydrate (CoSO47H2O) as the source of Cobalt, Sodium
Hypophosphite (NaH2PO2H2O) as the reducing agent, Trisodium
Citrate Dihydrate (Na3C6H5O72H2O) as the complexant and
Ammonium Sulfate ((NH4)2SO4) as the buffering agent. The con-
centration of Cobalt ion source, concentration of reducing agent
and bath temperature were varied and the values of other deposi-
tion parameters were kept fixed as presented in Table 1. The chem-
ical analyses of the coatings were then carried out with the help of
an EDAX facility associated with a JEOLJSM6300 scanning electron
microscope.3. Statistical analysis of process parameters
To establish the significance of individual process parameter
and their interactions, a regression equation can be formed. It esti-
mates the correlation between the response and the input process
parameters.
23 full factorial design of experiment is considered with six
added central points, nc to estimate the experimental error. Table 3,
gives the experimental data which were obtained by carrying out
the experiment in a randomised order of run numbers.
The weight percentages of Nickel, Cobalt and Phosphorous in
the electroless Ni–Co–P coating are represented by N, C and P
respectively. The fitted equations for N, C and P are given below:
N^ ¼ 70:7 3:04X1  0:097X2 þ 0:390X3 þ 0:075X1X2 þ 0:492X2X3
 0:193X1X3  0:020X1X2X3 R-Sq ¼ 87:9% ð1Þ
C^ ¼ 14:3þ 2:30X1  0:135X2  0:673X3  0:220X1X2  0:505X2X3
 0:062X1X3 þ 0:025X1X2X3 R-Sq ¼ 86:2% ð2Þ
P^ ¼ 14:9þ 0:741X1 þ 0:229X2 þ 0:284X3 þ 0:146X1X2 þ 0:009X2X3
þ 0:256X1X3  0:004X1X2X3 R-Sq¼ 75:0% ð3Þ
Student’s t test was conducted to identify the significant param-
eters and interactions for the variation in the objective functions,
viz. the weight percentage of Nickel, Cobalt and Phosphorous in
the coating matrix. Estimated ‘t’-values for input process parame-
ters and their interactions are shown in Table 4.
It is seen that the ‘t’ values at 5% level of significance and at five
degrees of freedom (v = nc  1 = 5) is t0.05;5 = 2.015. It can be seen
from Table 4 that only the individual process parameter X1 (Cobalt
Sulfate Heptahydrate, i.e., second metal ion source) has significant
Table 2
Actual and coded values of different process parameters [2].
Actual values Coded values
CoSO47H2O, g l1 Z1 NaH2PO2H2O, g l1 Z2 Temperature, C Z3 X1 X2 X3
4 12 70 a a a
8.05 19.30 74.05 1 1 1
14.00 30.00 80.00 0 0 0
19.95 40.70 85.95 1 1 1
24 48 90 +a +a +a
Table 3
Observed weight percentage of Ni, Co and P for different settings of process parameters.
Run No. Coded values of the
parameters
Nickel weight percentage (N) Cobalt weight percentage (C) Phosphorus weight percentage (P)
X1 X2 X3
1 1 1 1 74.11 ± 0.087 11.78 ± 0.135 14.11 ± 0.081
2 +1 1 1 68.23 ± 0.114 16.99 ± 0.204 14.78 ± 0.120
3 1 +1 1 72.74 ± 0.27 13.01 ± 0.123 14.25 ± 0.075
4 +1 +1 1 67.24 ± 0.081 17.24 ± 0.135 15.52 ± 0.096
5 1 1 +1 74.25 ± 0.228 11.62 ± 0.177 14.14 ± 0.102
6 +1 1 +1 67.68 ± 0.441 16.48 ± 0.171 15.85 ± 0.129
7 1 +1 +1 74.93 ± 0.141 10.73 ± 0.144 14.33 ± 0.102
8 +1 +1 +1 68.58 ± 0.216 14.81 ± 0.096 16.61 ± 0.129
9 0 0 0 70.50 ± 0.105 15.17 ± 0.144 14.33 ± 0.126
10 0 0 0 72.31 ± 0.147 13.30 ± 0.138 14.39 ± 0.102
11 0 0 0 69.75 ± 0.111 14.80 ± 0.087 15.45 ± 0.087
12 0 0 0 71.29 ± 0.117 13.23 ± 0.105 15.48 ± 0.087
13 0 0 0 68.21 ± 0.093 16.17 ± 0.117 15.61 ± 0.159
14 0 0 0 70.50 ± 0.105 15.17 ± 0.141 14.33 ± 0.111
Table 4
Estimated t-values of the input process parameters and their interactions.
Content, % r2e rb t0 t1 t2 t3 t12 t23 t13 t123
Nickel 1.9348 0.4917 143.78 6.1826 0.1993 0.7931 0.1525 1.0006 0.3904 0.0406
Cobalt 1.3403 0.4092 34.9462 5.6207 0.3299 1.6447 0.5376 1.2341 0.1515 0.0610
Phosphorous 0.40938 0.2262 65.87 3.27586 1.0124 1.2555 0.6454 0.0398 1.1317 0.0177
Table 5
The p-values of the respective coefficients for the three responses.
Content, % p0 p1 p2 p3 p12 p23 p13 p123
Nickel 0.000 0.001 0.843 0.440 0.879 0.337 0.697 0.968
Cobalt 0.000 0.001 0.749 0.146 0.604 0.256 0.882 0.952
Phosphorous 0.000 0.012 0.311 0.219 0.505 0.968 0.261 0.986
1528 J. De et al. / Engineering Science and Technology, an International Journal 19 (2016) 1526–1533effect at 5% level of significance for the weight percentage of
Nickel, Cobalt and Phosphorous in the coating.
The p-value helps to estimate if the results are statistically sig-
nificant or not. As evident from the Table 5, only the concentration
of Cobalt Sulfate Heptahydrate is statistically significant
parameter.4. Results and discussion
4.1. Second order response surface
The rate of a chemical reaction and even the product of the
reaction can be nonlinear functions of the concentrations of the
reactants and temperature, therefore, a regression model for the
current response involving quadratic terms of these input parame-
ters is more appropriate approximation. The response surface
model estimates the interactions and even the quadratic effects
and gives an idea of the nature of response surface. At close to
an optimum, quadratic models and second-order designs areneeded to model the curvature. The response surface method
(RSM) is used to determine the mathematical relationship between
the input process parameters and the response variables. In order
to determine a second order response surface model the central
composite design (CCD) is used. The CCD consists of lk factorial
points, 2k number of axial points and nc number of central points.
The factorial points are coded with 1. A suitable value of a is cho-
sen to make the CCD rotatable where a ¼ ðnf Þ
1
4 [30]. Apart from
RSM there are several other surrogates available viz. Kriging, Arti-
ficial Neural Network, Support Vector Machine (SVM) etc., but RSM
is used in present study because of unavailability of sufficiently
many data to train the neural network and low order non-linear
response functions, for which it is better to use RSM [31]. SVM
and RSM give almost closer predictions [32].
Here, Response Surface Methodology is applied for modeling
and analysis of problems in which weight percentage of
Nickel, Cobalt and Phosphorous respectively, are separately influ-
enced by three input variables with the variation as shown in
Table 2.
Table 6
Observed weight percentages of Nickel, Cobalt and Phosphorus obtained by EDAX for RSM.
Run No. Coded values of the parameters Nickel weight percentage (N) Cobalt weight percentage (C) Phosphorus weight percentage (P)
X1 X2 X3
1 1 1 1 74.11 ± 0.087 11.78 ± 0.135 14.11 ± 0.081
2 +1 1 1 68.23 ± 0.114 16.99 ± 0.204 14.78 ± 0.120
3 1 +1 1 72.74 ± 0.27 13.01 ± 0.123 14.25 ± 0.075
4 +1 +1 1 67.24 ± 0.081 17.24 ± 0.135 15.52 ± 0.096
5 1 1 +1 74.25 ± 0.228 11.62 ± 0.177 14.14 ± 0.102
6 +1 1 +1 67.68 ± 0.441 16.48 ± 0.171 15.85 ± 0.129
7 1 +1 +1 74.93 ± 0.141 10.73 ± 0.144 14.33 ± 0.102
8 +1 +1 +1 68.58 ± 0.216 14.81 ± 0.096 16.61 ± 0.129
9 1.682 0 0 75.54 ± 0.126 11.02 ± 0.132 13.45 ± 0.135
10 +1.682 0 0 68.53 ± 0.075 15.72 ± 0.06 15.75 ± 0.105
11 0 1.682 0 70.59 ± 0.213 14.52 ± 0.069 14.89 ± 0.153
12 0 +1.682 0 72.43 ± 0.087 12.35 ± 0.048 15.22 ± 0.081
13 0 0 1.682 71.29 ± 0.165 13.33 ± 0.102 15.38 ± 0.114
14 0 0 +1.682 70.00 ± 0.105 15.02 ± 0.06 14.97 ± 0.171
15 0 0 0 70.50 ± 0.105 15.17 ± 0.144 14.33 ± 0.126
16 0 0 0 72.31 ± 0.147 13.30 ± 0.138 14.39 ± 0.102
17 0 0 0 69.75 ± 0.111 14.80 ± 0.087 15.45 ± 0.087
18 0 0 0 71.29 ± 0.117 13.23 ± 0.105 15.48 ± 0.087
19 0 0 0 68.21 ± 0.093 16.17 ± 0.117 15.61 ± 0.159
20 0 0 0 70.50 ± 0.105 15.17 ± 0.141 14.33 ± 0.111
Table 7











Fig. 1a. Response surface and contour plot for N^ = f(X1,X2), hold value: X3 = 0.
Fig. 1b. Response surface contour plot for N^ = f(X2,X3), hold value: X1 = 0.
Fig. 1c. Response surface contour plot for N^ = f(X3,X1), hold value: X2 = 0.
J. De et al. / Engineering Science and Technology, an International Journal 19 (2016) 1526–1533 1529The predicted response surface equations for this present study
are as follows:
N^ ¼ 70:4 2:64X1 þ 0:169X2 þ 0:070X3 þ 0:466X21
þ 0:281X22  0:025X23 þ 0:075X1X2 þ 0:492X2X3  0:193X1X3
R-Sq ¼ 85:9%; p-value ¼ 0:003
ð4Þ
C^ ¼ 14:6þ 1:92X1  0:346X2  0:186X3  0:347X21  0:324X22
 0:063X23  0:220X1X2  0:505X2X3  0:062X1X3
R-Sq ¼ 78:9%; p-value ¼ 0:018 ð5Þ
Fig. 2a. Response surface contour plot for C^ = f(X1,X2), hold value: X3 = 0.
Fig. 2b. Response surface and contour plot for C^ = f(X2,X3), hold value: X1 = 0.






































































Fig. 3b. Response surface and contour plot for P^ = f(X2,X3), hold value: X1 = 0.
1530 J. De et al. / Engineering Science and Technology, an International Journal 19 (2016) 1526–1533P^ ¼ 14:93þ 0:72X1 þ 0:175X2 þ 0:116X3  0:116X21 þ 0:045X22
þ 0:087X23 þ 0:146X1X2 þ 0:009X2X3 þ 0:26X1X3
R-Sq ¼ 76:6%; p-value ¼ 0:028 ð6Þ
A MATLAB code is generated to develop the response surface
plot from the data obtained in Table 6.
It is evident from Table 7, that the weight percentage of Cobalt
and weight percentage of Nickel are highly co-related. Other corre-
lations are moderate.4.2. Response surfaces and their interpretations
Fig. 1, shows the surface as well as contour plots for N^ = f(X1,X2),
N^ = f(X2,X3) and N^ = f(X3,X1) respectively. Fig. 2, shows the surface
and contour plots for C^ = f(X1,X2), C^ = f(X2,X3) and C^ = f(X3,X1)
respectively. Fig. 2, shows the surface and contour plots for P^ = f
(X1,X2), P^ = f(X2,X3) and P^ = f(X3,X1) respectively. Figs. 1(a) and 1
(c) show that the second metal ion source, Cobalt Sulfate Heptahy-
drate affects the Nickel content significantly.
Figs. 1(c) and 2(c) show that sources of second alloying metal
(CoSO47H2O) have outstanding affect on both the Nickel and




































Fig. 3c. Response surface and contour plot for P^ = f(X3,X1), hold value: X2 = 0.
Table 9






X1 X2 X3 Z1 Z2 Z3
0.0525 0.0152 1.682 0.8450 1.12267 24 20.96 73
0.1187 0.0128 1.6621 1.6225 1.6685 4.11 47.36 90
0.1028 0.0131 1.4577 1.4539 1.0892 5.33 45.56 87
0.1154 0.0129 1.6365 1.6076 1.5410 4.26 47.20 89
0.0746 0.0138 0.8220 0.9238 0.8591 9.11 39.88 75
0.0874 0.0134 1.5218 0.2433 0.8333 4.94 32.60 75
0.0576 0.0149 1.0960 0.1368 0.7161 20.52 31.46 76
0.0913 0.0133 1.4467 0.2630 0.0612 5.39 27.19 80
0.0976 0.0131 1.6565 0.4376 0.4221 4.14 34.68 82
0.0647 0.0144 0.0420 1.3395 1.0500 13.75 44.33 74
0.0904 0.0134 1.2574 0.7283 0.4597 6.52 37.79 83
0.0843 0.0135 1.3221 0.6485 0.5268 6.13 36.94 77
0.0608 0.0146 0.6464 0.2481 0.9910 17.85 27.34 74
0.0802 0.0137 0.5550 0.3510 0.6660 10.70 33.75 84
0.1094 0.0130 1.5838 1.4076 1.3578 4.58 45.06 88
0.0967 0.0132 1.5584 0.1298 0.6796 4.73 28.61 84
J. De et al. / Engineering Science and Technology, an International Journal 19 (2016) 1526–1533 1531that Phosphorous content moderately varies with concentration of
reducing agent and temperature respectively.
Fisher’s Variance Ratio (F-test) is conducted as test of reliability
for the predicting response surface equations. The F-ratio can be
obtained from the subsequent equation [2,28,29,33]:







The F-value at 1% level of significance and for upper degrees of
freedom 10 (v1 = Z  n) and lower degrees of freedom 5
(v2 = nc  1) is 10.05. From Table 8, it is evident that the estimated
F-values for all the predicted responses (for Cobalt weight percent-
age is 1.1624, for Nickel weight percentage is 0.8685 and for Phos-
phorous weight percentage is 0.6498) less than 10.05, as a result, it
can be concluded that the established response surfaces predicting
equations provide an excellent fitting to the observed data and also
the R-Sq value of the second order equations are closer to 1, there-
fore, the model is reliable.
The Response Surface Methodology is mostly used for modeling
and analyzing manufacturing processes to comprehend the effect
of the input process parameters on responses individually, but it
does not hold good for the multi-response problems. To overcome
this drawback, non dominant sorting genetic algorithm-II (NSGA-
II) is used for evaluation of set of optimal process parameters in
this present study. Even if the real life problem has mixed design
variables and inequality constraints to the objective function,
genetic algorithms are useful for studying real world mechanical
systems and process optimization related problems [34].
Regression coefficients (R-Sq) for Eqs. (1) and (2) were observed
to be close to 1, which indicates that these models are sufficient to
be used for further predictions. Owing to changes in concentration
of Cobalt source (X1), concentration of reducing agent (X2) and bath
temperature (X3), notmuch deviation inweight percentage of phos-
phorous was observed (Table 3) and from Table 7, it is also evidentTable 8









N^ ¼ f ðX1; X2; X3Þ 1.6804 1.9348 0.8685
C^ ¼ f ðX1; X2; X3Þ 1.5580 1.3403 1.1624
P^ ¼ f ðX1; X2; X3Þ 0.2660 0.4094 0.6498that the weight percentage of Cobalt and Nickel are highly co-
related. Considering these reasons, two objective functions were
developed as indicated earlier. It has been observed that the esti-
mated weight percentage of Nickel (N^) and the estimated weight
percentage of Cobalt (C^) are contradictory to each other due to
changes in X1, X2 and X3 as indicated from the response surface plot
in Figs. 1 and 2 and Eqs. (1) and (2). Since these twowere contradic-
tory to eachother, it can be treated as amulti-objective optimization
problem. After solving this multi-objective optimization problem,
there would be a chance of obtaining Pareto-optimal front of solu-
tions, which represents optimal values of process parameters.
In order to obtain appropriate search of optimal values of pro-
cess parameters X1, X2 and X3, it would be necessary to find the
optimal GA parameters, such as mutation probability, crossover
probability, population size and maximum number of generations.
For this reason, a thorough GA-parametric study was performed in
order to determine their optimal values, the results of optimal GA
parameters are presented in Table 9 [35,36].
5. Formulation of multi-objective optimization
Non dominant sorting genetic algorithm (NSGA-II) is used to
solve this multi-objective optimization problem. NSGA-II performs
better if considered as a minimization problem [35,37]. However
the main objective in this study is to maximize weight percentage
of Cobalt and Nickel, therefore, to obtain a minimization problem
the following equations are considered from Eqs. (2) and (1).
Objective 1 ¼ 1
C^
ð9Þ
Objective 2 ¼ 1
N^
ð10Þ
A multi-objective optimization problem is formulated based on
these two objectives which were to be minimized. Mathematically,




4 6 x1 6 24
12 6 x2 6 48






























X1 X2 X3 Z1 Z2 Z3 Cact Nact C^ N^
1.682 0.8450 1.12267 24 20.96 73 18.61 64.98 19.05 65.79
0.8220 0.9238 0.8591 9.11 39.88 75 12.70 72.43 13.40 72.46
1.5218 0.2433 0.8333 4.94 32.60 75 10.52 74.40 11.44 74.63
1.0960 0.1368 0.7161 20.52 31.46 76 17.15 66.96 17.36 67.11
Table 11
The co-relation between the actual values from confirmation runs and calculated
values from the algorithm.
Weight percentage of
Cobalt from NSGA II
Weight percentage of
Nickel from NSGA II
Actual weight% of Cobalt 0.999
Actual weight% of Nickel 0.998
1532 J. De et al. / Engineering Science and Technology, an International Journal 19 (2016) 1526–1533The major reason behind choosing genetic algorithm is that it
can be used for complex multi parameter analysis, because it
searches the optimal values without using derivative of the objec-
tive function. Owing to that reason the chances of GA solution to be
restricted in local minima is less, which is a major drawback of tra-
ditional optimization method. Over the past few years genetic
algorithm has been widely used in different fields, in order to
obtain optimal parameters [35].0.05 0.06 0.07 0.08 0.09 0.10 0.11 0.12
0.0125
1/estimated weight percentage of Cobalt
Fig. 4. Pareto optimal front of solutions.5.1. GA-Parametric study
The crossover rate is 0.1 and the crossover probability has been
varied in between 0.4 and 1.0, keeping other parameters, viz.
mutation probability, population size and maximum number of
generations fixed at 0.002, 100 and 100. The value of crossover
probability is taken as 0.8 in this study. For cross over probability
of 0.8, the fitness values (objective function values) were found
minimum. Thereafter, the mutation probability was varied in
between 0.001 and 0.01 in steps of 0.001, where others, such as
crossover probability, population size and maximum number of
generations were set at fixed values of 0.8, 100 and 100, respec-
tively. The optimal values were obtained for the mutation proba-
bility of 0.003. Then, the crossover probability, mutation
probability and maximum number of generations were kept fixed
at 0.8, 0.003 and 100. The population size was varied in between 20
and 200, in steps of 20, and corresponding optimal value of popu-
lation size was found to be of 80. Lastly, the crossover probability,
mutation probability and population size were fixed at 0.8, 0.003
and 80, and the maximum number of generations was ranging
from 20 to 300, in steps of 10. After running the GA of 90 genera-
tions for a maximum, the minimum fitness values were found. The
optimal values of GA-parameters were determined under the
following conditions:
Crossover probability = 0.8.
Mutation probability = 0.003.
Population size = 80.
And maximum number of generations = 90.
These optimum values of GA-parameters were used to obtain
the Pareto-optimal front of solutions after solving the multi-
objective optimization.
After solving this multi-objective optimization problem, the
Pareto optimal front of solution was obtained and indicated in
Fig. 4 and corresponding optimal values of process parameters
are presented in tabular format (Table 9). After obtaining this Par-
eto optimal front of solutions, one can choose a particular value ofprocess parameter according to its specific requirement. These
Pareto-optimal set of solutions helps the decision maker to obtain
the values of process parameters even in unpredictable situations
[38]. The attainment of the Pareto front shows the effectiveness
of the multi-objective solution strategy [39].
Table 10 shows the results of the confirmation runs that have
been conducted to establish the correlation between the observed
data and the results obtained from NSGA-II.
It is evident from Table 11, that the calculated data from the
algorithm is highly correlated with the actual data, therefore, the
confirmation runs are converging with NSGA II results.6. Conclusions
Electroless Ni–Co–P ternary coating was deposited on Copper
substrate. Effect of different process parameters such as metal
ion concentration (Cobalt Sulfate Heptahydrate), reducing agent
and temperature were studied in the present work. EDAX analysis
was carried out to find the weight percentage of Nickel, Cobalt and
Phosphorous content in the coated samples. It is found that, there
was not much variation in Phosphorous content, where as the
Nickel content is inversely proportional to Cobalt content. Statisti-
cal analysis has been carried out to monitor the effect of different
process parameters on Nickel and Cobalt content of the electroless
coatings. It is observed that Cobalt ion source concentration signif-
icantly affect the Nickel and Cobalt content of the coating.
Response surface equations for predicting the responses have been
determined and three dimensional surface and contour plots for
the responses were separately obtained. These surface and contour
plots showed the manner how the both responses, viz., the weight
percentage of Nickel and Cobalt varies with different process
parameters. It is concluded from Fisher’s F-test that the established
response surface predicting equations have given an excellent
J. De et al. / Engineering Science and Technology, an International Journal 19 (2016) 1526–1533 1533fitting to the observed data. A multi-objective optimization
problem was formulated using NSGA-II to obtain a set of optimal
combination of parameters from the Pareto optimal solutions to
improve the coating process. The results from the confirmation test
have been found highly co-related with the values from NSGA-II.
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